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. The chemical basis for a molecular phylogeny.

0f all natural systems, living matter is the one which, in the
face of great transformations, preserves inscribed in its organization
the largest amount of its own past history. Using Hegel's expression,
we may say that there is no other system that is better “aufgehoben'
(constantly abolished and simultaneously preserved). We may ask the
questions where in the now living systems the greatest amount of their
past history has survived and how it can be extracted.

At any level of integration, the amount of history preserved
will be the greater, the greater the complexity of the elements at that
level and the smaller the parts of the elements that have to be
affected to bring about a significant change. Under favorable condi-
tions of this kind, a recognition of many differences between two
elements does not preclude the recognition of their similarity.

One may classify molecules that occur in living matter into three
categories according to the degree to which the specific information
contained in an organism is reflected in them :

(1) Semantophoretic molecules or semantides -- molecules that
carry the information of the genes or a transcript thereof. The genes
themselves are the primary semantides (linear ''sense-carrying'' units).
Messenger-3NA molecules are secondary semantides. Polypeptides, at least
most of them, are tertiary semantides.

(2) Episemantic molecules =-- molecules that are synthesized under

the control of tertiary semantides. All molecules built by enzymes



in the absence of a template are in this class. They are called
episemantic because, although they do not express extensively the
information contained in the semantides, they are a product of this
information.

(3) Asemantic molecules -- molecules that are not produced by
the organism and therefore do not express, either directly or indirectly
(except by their presence, to the extent that this presence reveals a
specific mechanism of absorption)’any of the information that this
organism contains. However the organism may often use them, and may
often modify them anabolically and thus change them into episemantic
molecules to the extent of this modification., The same molecular
species may be episemantic in one organism and asemantic in another.
Vitamins constitute examples. Simple molecules such as phosphate ion
and oxygen also fall into this category. Macromolecules found in an
organism for any length of time are never asemantic, viruses excepted.
Viruses and other 'episomes'" (Wollman and Jacob, 13959) are asemahtic
when present in the host cell in the vegetative, autonomous state; they
are semantophoretic when integrated into the genome of the host.

Products of catabolism are not included in this classification.
During the enzymatic breakdown of molecules, information contained in
enzymes is expressed, bui instead of being manifested in both the
reaction and the product, this information is manifested in the reaction
only. Since we are considering products, catabolites as such are non-
existent with respect to the proposed classification.

The relevance of molecules to evolutionary history decreases as

one passes from semantides to asemantic molecules, although the latter



may represent quantitative or qualitative characteristics of groups.
As such they are, however, unreliable and uninformative. |t is plain
that asemantic molecules are not worthy of consideration in inquiries
about phylogenetic relationships.

Neither can episemantic molecules furnish the basis for a
universal phylogeny, for such molecuiles, if universal, are not variable
(ATP), and, if variable, are not universal (starches). |t appears
however possible a priori that parts of the phylogenetic tree could be
defined in terms of episemantic molecules. An attempt in this direction
has been made for instance on the basis of carotenoids in different
groups of bacteria (cf. Goodwin, 1962). It is characteristic of such
studies that they need independent confirmation. Such independent
confirmation may be obtained by direct or indirect studies of semantides.
In relation to a number of organic molecules, such as vitamin Byj,
organisms as far apart on the evolutionary scale as bacteria, flagellates,
and higher vertebrates differ, not in that the compound is present or
absent, required or not required, but in the prevalent '"pattern of
specificity' (Hutner, 1955). By this is meant the measure of functional
effectiveness of compounds closely similar to but not identical with the
one that is actually present. Thereby the difference of organisms in
relation to the organic molecuies under consideration is reduced to
differences in enzymes and, in the last analysis, to the difference in
primary structure of polypeptide chains. Because of chis relationship to
studies of semantides, it is possible that the establishment of different
patterns of specificity is one of the best uses to which episemantic

and asemantic molecules may be put in phylogenetic studies.



Whereas semantides are of three types only (DNA, RNA, polypeptides),
episemantic molecules are of a great variety of types. Their interest for
phylogeny is proportional to their degree of complexity. Polysaccharides
such as cellulose are large molecules, but their complexity is small
because of the monotonous repeat of the same subunits. [n fact, not only
episemantic molecules, but also semantides vary in their degree of
complexity. The complexity of semantides is largest in the case of
large globular polypeptide chains and smallest in the case of structural
proteins characterized by numerous repeats of simple sequences. There may
be a region of overlap of semantides with the lowest degree of complexity
and of episemantic molecules with the highest degree of complexity. The
former, however, will still contain more information than the latter
about the present and the past of the organism. Indeed, episemantic
molecules are mostly polygenic characters, in that enzymes controlled
by several distinct structural genes have to collaborate in their
synthesis; moreover, they express the information contained in the
active centers of enzymes only, and in no other enzymatic region; and
even then express this information ambiguously; i.e., probably with con-
siderable ''"degeneracy''. There is thus a great loss of information as one
passes from semantides to episemantic molecules. |Incidentally, one cannot
yet be sure that all polypeptides are semantides. Some, especially among
the small ones, but also among the large structural ones, may be
episemantic. Thus, it has not been possible to split glutenin into subunits
of reproducible molecular weight (Taylor and Cluskey, 13962). This raises
the suspicion that glutenin might not be produced as the transcript of

a template.



Because tertiary semantides (enzymes) with different primary
structures can lead to the synthesis of identical episemantic molecules
as long as the active enzymatic sites are similar, wrong inferences
about phylogenetic relationships may be drawn from the presence of
identical or similar episemantic molecules in different organisms.
Amylopectins in plant starches and animal glycogens are very similar,
yet we may expect (a point it will be of interest to verify) that the
amino-acid sequence of the enzymes responsible for the synthesis of
these polysaccharides in animal and plant kingdoms is very different.
Moreover a similar end-product, in the case of episemantic molecules,
may be obtained by different pathways, so that not even the active sites
of the enzymes involved need to be similar. The synthesis of nicotinic
acid and that of tyrosine are carried out via different pathways in
bacteria and in other organisms (cf. Cohen, 13963). Therefore, the
presence of these molecules in no way points to a phylogenetic relation-
ship between bacteria and these other organisms. The number of possible
historical backgrounds to the presence of a molecule synthesized by an
organism will tend toward unity only as the number of enzymes involved
in the synthesis of this molecule increases significantly. [t is not
likely that a whole pyramid of enzymatic actions has been built more than
once or twice during evolution. This consideration implies that the best
phylogenetic characters among episemantic molecules are not just the
most complex molecules but, among these, the ones that are built from
the least complex asemantic molecules.

The preceding discussion suggests that the most rational,
universal, and informative molecular phylogeny will be built on

semantophoretic molecules alone. Evolution, in these molecules, seems



to proceed most frequently by the substitution of one single building
stone out of, say 50 to 300 for polypeptides or, on the basis of a
triplet code, 150 to 900 for the corresponding nucleic acids. Even
these small changes can have profound consequences at higher levels of
organic integration, through an alteration of the established pattern
of molecular interaction. Therefore, in macromolecules of these types
there is more history in the making and more history preserved than at
any other single level of biological integration.

In previous communications (Zuckerkandl and Pauling, 1962;
Pauling and Zuckerkandl, 1963) we have discussed ways of gaining informa-
tion about evolutionary history through the comparison of homologous
polypeptide chains. This information is threefold: (1) the approximate
time of existence of a molecular ancestor common {0 the chains that are
being compared; (2) the probable amino-acid sequence of this ancestral
chain; and (3) the lines of descent along which given changes in amino-
acid sequence occurred. The first type of information is obtained in
part through an assessment of the overall differences between homologous
polypeptide chains. The second and third types of information are obtained
through a comparison of individual amino-acid residues as found at
homologous molecular sites. Qur purpose was to spell out priaciples of
how to extract evolutionary history from molecules, rather than to write
any part thereof in its final form -- an attempt that would require more
information than is presently available even in the case of hemoglobins.

Beside the analysis of amino-acid sequence of a greater number
of homologous polypeptide chains, two other sources of knowledge will
help in retracing the evolutionary history of molecules. One is a con-

sideration of the genetic code, to assess whether the passage of one



character of sequence to another could have occurred in one step, to
discover possible intermediary states of sequence, and to evaluate to
a better approximation than by the simple comparison of the amino-acid
sequence of two homologous polypeptide chains the minimum number of
mutational events that separate these two chains on the evolutionary
scale,

A second is the study of three dimensional molecular models, to
permit one to make predictions about the effects of particular sub-
stitutions and, on the basis of the transitions allowed by the genetic
code, to exclude some substituants, as incompatible with the preservation
of molecular function,from the list of possible evolutionary intermediates.

This cursory outline of methodology in chemical paleogenetics
applies directly to the analysis of polypeptide chains only. Although
techniques are not yet available for a thorough investigation of sequence
in other types of semantides, it is of interest to examine the relation-
ship between the different types of semantides with respect to the
information they contain.

2. Cryptic genetic polymorphism through isosemaiitic substitution.

For any one corresponding set of molecules, the three scripts
used by nature in semantophoretic molecules, the DNA-, RNA- and poly-
peptide scripts, represent largely, but presumably not exactly, the same
message. Errors of transcription (Pauling, 1357) are presumably only a
minor cause of this lack of congruence. In view of the '"degeneracy'' of
the genetic code, many amino acids appearing to be coded for by more than
one type of codon (Weisblum et al., 1962; Jones and Nirenberg, 1962), one

must assume that information is lost in the passage from secondary (RNA)



to tertiary (polypeptide) semantides. Moreover many primary semantides
may not be transcribed : there are significant stretches of DNA that are
apparently not expressed in polypeptide products, and the base sequence
along these stretches may represent important documents about the history
of the organism as well as its present organization and potentialities.

The degeneracy of the genetic code, then, leads one to predict
the existence of isosemantic heterozygosity, namely of differences in
base sequence in allelic stretches of DNA that do not lead to differences
in aminowacid sequence in the corresponding polypeptide chains. The base
sequence of a codon may be changed, but the ''sense' of the ''word', in
terms of amino acids, may remain the same. The same inference has been
drawn independently by Richard T. Jones (personal communication and
reference).

Eck (1963) proposes that one of the three letters of each codon,
perhaps the middle lecter, is recognized by transfer-RNA's only as 'purine!
or ‘'pyrimidine''; thet 38,according to the bulk of the molecule rather than
to its exact species. - Thus shifts between adenine and guanine or between
cytosin and uracil in the middle letter of messenger-RNA codons will no:
be heeded by transfer-RNA. |If this is so, one must distinguish two
levels of crypticity. Some base substitutions will remain cryptic,
unexpressed at the level of the polypeptide chains, but will be recognized
at the level of transfer-RNA (secondary crypticity). Other base sub-
stitutions will remain crypcic at the level of boih the polypeptide chain
and the transfer-RNA (primary crypticity). (A third, more superficial
level of crypticity was often referred to in the past, namely cryptic
amino=acid substitutions ;n polypeptides, substitutions that were

supposed to actually exist, but not to be detected by available chemical



means,.) According to Eck's code, primary crypticity should exist for
every amino acid, because of the peculiar role tentatively attributed to
the middle letter of the codon, and secondary crypticity should exist
for eleven amino acids out of twenty. Amino acids that occur with high
frequencies usually seem to have degenerate codes. The opportunities
for isosemantic substitution and cryptic genetic polymorphism, even of
the secondary type of crypticity, should therefore be very widespread
indeed.

As is well known, the abnormal human hemoglobins HbS and HbC differ
from HbA in that a valyl residue replaces a glutamyl residue in the p-chain
of HbS at the sixth position from the amino-end, whereas a lysyl residue
replaces the same glutamyl residue in HbC (ingram, 1957; Hunt and lngram,
1958, 1959). According to the proposals for the genetic code made by
Jukes (1962), by Wahba et al. (1963) and by Eck (1963), the shift from
valine to lysine is one of the rare ones that require three base pair
substitutions in DNA and therefore, presumably, three mutational steps.
If correct, this conclusion would render unlikely che hypothesis,
previously formulated by one of us (Pauling, 1961), that HbC is derived
from HbS rather than from HbA. The three genetic codes, on the other
hand, are compatible with a one~step transition between HbA and HbS as
well as between HbA and HbC. According to Eck's code - not according
to the other proposals for a genetic code mentioned above - the valine
of HbS and the lysine of HbC must however have derived from two distinct
isosemantic codons for glutamic acid in HbA (Fig. 1). Whether or not
Eck's code will, in the end, be shown to be correct in this respect, we
may accept it provisionally for the sake of this discussion. Indeed,

eveil if HbS and Hb{ are not the products of mutations in two isosemantic
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codons, other cases of thls type are likely to be found in the future.

If the situation is as represented in Fig. 1, the two Isosemantic
codons for glutamic acid {which are actually, according to Eck, resolvable
into four isosemantic triplets, AAG, AGG, UAG and UGG) must be thought
to have at ore time been widespread in the human population, and may even
today constitute a case of perhaps widely occurring cryptic genetic
polymorphism. A search for it might be made in particular among individuals
who appaar to possess different isoalleles of HbA, in the nomenclature of
ttano (1957), namely different heritable relative levels of HbA production.
Because all transfer-RNA's that would correspond to all possibilities of
a degenerate code might conceivably not be availahle in excess In certain
organisms or in certain tissues of an organism, i[sosemantic substitutions
may lead to increased or decreased rates of polypeptide synthesis., Thus
there could exist an operator-independent change In rate of protein
synthesis through base-pair substitutions in structural genes. Pauling
( ) and itano (1957) used to thiak that the existence of isoalleles
is probably linked to cryptic substitutions., In terms of cryptic amino-
acid substitutions, this hypothesis has ceased to be as likely as It
appeared to be, at least as a very generally applicable explanation, Yet
it may be reintroduced o the basiz of cryptic base substitutions in DNA

and RNA.

1t the scarceness of some species of isosemantic Lransfer-iNA's,
can affect the rate of synthesis of polypeptides, the synthesis of a
single polypeptide chain should not proceed at constant speed alouy the
chain, but 50 te speuk in jerks, with sudden decelerations at molecular
sites where the codons happen not to correspond (o species of transfer=
RNA-that are present in excess. o evidence for or against this effect

is avaiieble to our knowledge,
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One may ask the question whether cryptic isosemantic substitutions
may offer & possible alternate explanation, beside those already proposed,
of the thalassemic inhibition of certain hemoglobin chain geines. A single
isosemantic substitution may form & bottle-neck i syuthesis, but ar
additive effect of such substitutions is also possible. The human 5~chain
m&y be cne thet is universally "thalassemic' in this sense. This inter-
pretation of thalassemia or of the low rate of synthesis of 8~chains would
imply that aormal amounts of the corresponding messenger~RiA's are
produced aid occupy a sigaificant parcerfiaggfi ‘the available ribosamal
sites without leading to mugh synthesis. ,: Such an effect, is not very likely,

especially In thalassemia. Indeed, an extensive survey of the literature héEJShOWn
heterozygotes for a~thalassemia or pB-thalassemia a ''compensatory' increase

of mean absolute amounts per cell of the chain synthesized under the

control of the allelic gene, whether this allelic gene be normal or

structurally abnormal (unpublished). This observation suggests that

more ribosomal sites have become available to messenger-RNA produced by

a single allele than is the case when both alleles are normally active.

If correct, this interpretation would imply that the output of messenger-
RNA by thalassemic hemoglobin geies is actually reduced, and that the
block of polypeptide synthesis in thalassemia is at the genic level

rather than at the level that involves the action of transfer=~RNA.

On the other hand one may surmise that the

low rate of synthesis of d-chains is correlated with a low genic output

of messenger-RNA more probably than with low synthetic efficiency at the
ribosomal level. Moreover, the hypothetical effect on rate of syathesis
of isosemantic substitutions is not supported by Eck's code for hemoglobin

S, if it is assumed that HbS has arisen from HbA. According to Eck, there



is indeed only one codon for valine recognizable by transfer-RNA, namely
UYG (i.e.)UCG and UUG; Y stands for 'pyrimidine''). One can therefore not
say, without resorting to an auxiliary hypothesis, that the apparent
slower relative rate of HbS synthesis as compared to HbA synthesis in
HbA/HDS heterozygotes is perhaps due to the appearance of a codon whose
corresponding transfer-RNA is present in limiting amounts. The auxiliary
hypothesis is that a given kind of transfer-RNA is not entirely indifferent
to the exact chemical species of the central purine or pyrimidine in a
codon. |t is possible that the exact chemical species of th.‘pr"“-‘d middle
“letter', while without action on the coding, influences the rate of
synthesis of the polypeptide. However, very recent evidence (Levere and
Lichtman, 1363) suggests that the rate of synthesis of HbS may in reality
not be inferior to that of HbA. The present status of these problems is
uncertainty.

Although there is therefore no evidence in favor of considering
isosemantic substitutions as a significant factor in the regulation of
the rate of polypeptide synthesis, the possibility is not ruled out and
should be kept in mind as furnishing a basis for ltano's idea, expressed
here in a slightly modified way, that rate of synthesis and structure, at
the level of a given structural gene, are intimately linked (lcano, 1957).

If isosemantic substitutions recognized by transfer-RNA actually
exerted an effect on rate of polypeptide synthesis, one would expect natural
selection to act quite strongly on such substitutions. |f natural selec-
tion did not act on the other postulated type of isosemantic substitutions,
those of Yprimary crypticity', not recoginized by transfer RNA, the
occurrence of such substitutions would be random. It would be more

probable that some effect is present and that natural selection acts here



also. A possible effect of the exact chemical species of the presumed
middle letter of a codon on rate of synthesis has just been mentioned.
Other effects might be considered. |In particular, it has been shown that
the frequency of crossing over is inversely related to the degree of
heterozygosity in a chromosome pair (Stadier and Towe, 1962). Via this
mechanism isosemantic substitutions of primary crypticity as well as those
of secondary crypticity may have far reaching effects on population
genetics.,

One may also examine the possibility that isosemantic substitucions
have some effect on evolutionary stability, Benzer (13961) has pointed out
that, since AT base pairs are held together much less strongly than GC
base pairs, a genetic region rich in AT pairs will tend to be more subject
to substitution. By selecting for isosemantic triplets rich in GC and
low it AT content, an organism might reduce its mutation rate without
changing the structure of any of its proteins. Whether such an effect
would be significant enough to influence the rate of evolution remains
to be seen. It will be of interest to compare the base composition of

DNA from "living fossils' such as Lingula or Limulus with base composition

in more rapidly evolving animals.

Finally, isosemantic substitutions in those regions of DNA that
carry out the funciion of operators (Jacob and Monod, 1961) might well lead
to a modification of the stereochemical relationship between the operators
and the repressor molecules. Thereby such isosemantic substitutions would
have an effect on rate of polypepiide synthesis, distinct from the
operator-independent effect discussed earlier.

Due to isosemantic substitutions, there probably is more evolutionary



history inscribed in the base sequence of nucleic acids than in the amino-
acid sequence of corresponding polypeptide chains. By its implications, a
degenerate code thus emphasizes the role of nucleic acids as ''master
molecules' over polypeptides, (a role still doubted by some (Commoner,
I962)),even though polypeptides may interact with nucleic acids to
regulate the rate of synthesis of both polypeptides and nucleic acids ,
All the potentialities of an individual may be assumed to be inscribed

in polypeptide chains that are actually synthesized, or could be
synthesized’by the cells under certain circunstances, and in the structures
that control the actual and potential rates of this synthesis. Yet it
appears conceivable, since equal rates of synthesis under the control of
distinct but isosemantic codons are possible, that the individual

contains information, not only, as we know, beyond that which it actually
uses for its realization, but even beyond that which defines its
potentialities. This part of its ''"being'!, necessarily cryptic in terms

of the phenotype, would at best be expressed only in relation to the

evolution of the species.
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The relation between coding triplets in hemoglobins A4,
according to kck'sg code,
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Posglble one~gtep transitionsg are marked by doubls arrows,
i(iddle letters of codong : P = purine, ¥ = pyrimidine.
Other symbols ag ugual (cf. Eck, 1963)



